Understanding of the physisorption of H 2 in metal-organic frameworks (MOFs) is critical to improving its performance for hydrogen storage. By using first-principles calculations employing the van der Waals density functional (vdW-DF) method which can properly describe the vdW interaction, we investigate the binding energy of H 2 in MOF-5 crystal. The accuracy of this methodology is first examined and good accuracy comparable to the correlated wavefunction methods is found. Calculations for the true crystal structure show that the small fragment models used in previous calculations cannot represent well the property of the crystal. The good accuracy and the ability to deal with the true crystal structure make the vdW-DF method a good candidate for investigating hydrogen storage in MOFs.
Introduction
H 2 as a clean energy carrier whose storage technologies have been studied extensively [1] . At ambient temperature H 2 gas has a too low volumetric energy density for practical application. For on-board use, H 2 gas must be compressed with very high pressures or stored cryogenically, both of which cost energy and substantially increase the vehicle weight besides the safety issue. For hydrogen economy, the goal is therefore to design low-cost, light-weight materials which can reversibly and rapidly store H 2 at a density equal to or greater than that of liquid hydrogen. In most hydrogen-storage materials studied so far physisorption (via electrostatic and van der Waals (vdW) forces) or/and chemisorption (via chemical bonding) are employed. Physisorption as a rapid and reversible process has big advantages in this regards. Two major required factors for physisorption H 2 -storage are large internal space and strong enough binding. Thus, materials with large surface/volume ratios and low densities, such as metal-organic frameworks (MOFs) are very attractive for hydrogen-storage applications. Their chemical composition and high-symmetry crystal structure can also be easily tailored for performance improvement. In 77k , MOF-5 as the first one in the series can already achieve a gravimetric H 2 capacity up to 4.7 wt.% at 50 bar [2] . Further improvement may be possible by tailoring its chemical species and atomic structure, which needs a full understanding of the H 2 -MOF-5 interaction on different adsorption sites. While this is not easy for experimental studies in atomic scale, first-principles calculation can provide a powerful tool for this purpose. In this work, we perform first-principles calculations using the vdW-density functional (vdW-DF) method [3] to investigate the detailed binding behavior of H 2 in MOF-5 crystal. We first examine the accuracy of this methodology by comparing its results with those from the correlated wavefunction methods [4, 5] for fragment models cut out from the crystal. Good comparable accuracy is found. By performing calculations for the crystal structure adsorbing one or multiple H 2 in the primitive cell, we show that these small fragment models which have been focused previously cannot represent well the property of the crystal which cannot, however, be dealt with by the correlated wavefunction methods. The effect of high H 2 densities is also studied. The good accuracy and the ability to deal with the true crystal structure make the vdW-DF method a good candidate for exploring the possible improvement of the performance of various MOFs for hydrogen storage.
Computational details
MOF-5 has a cubic periodic structure which is first synthesized by Omar Yaghi groups [6] . This crystal structure is composed of inorganic [OZn 4 ] 6+ octahedral groups (corners) linked by 1,4-benzenedicarboxylate organic linkers (linkers), forming a highly microporous cubic framework, as shown in Fig. 1 . Both the corner part and the linker part can provide physisorption for H 2 , as shown in Fig. 2 (a) and (b), respectively. These two adsorption sites have been observed by neutron powder diffraction method [7] . To properly treat the vdW force present in the physisorption, we perform total-energy calculations employing the vdW-DF method as implemented in the Quantum ESPRESSO package [8] . Ultrasoft pseudopotentials are used to describe the atoms and a kinetic-energy cutoff of 30 Ry is adopted for the wavefunction expansion. The structure of the crystal is optimized by minimizing the atomic force on each atom to be less than 0.01 eV/Å. A 4×4×4 Monkhorst-Pack k-point mesh is used to sample the irreducible Brillouin zone. The full structure optimization gives an equilibrium lattice constant of 26.6Å which is in good agreement with the available experimental data [9] . Based on the optimized structures, the binding energy of H 2 is determined by the following relation:
where, E b is binding energy, E is total energy, and n is the number of hydrogen molecule absorbed.
As a comparison, we also consider two small fragment models cut out from the crystal, the corner model and the linker model as shown in Fig. 2 , which have been studied previously by correlated wavefunction methods, including the MP2 and CCSD(T) [7, 10] .
Adsorption of a single H 2
The calculated binding energy of a single H 2 adsorbed on the small fragment models and in the true crystal structure are listed in Table 1 together with reliable results from CCSD(T) and MP2 calculations using very large basis sets [7, 10] . For the linker model, previous CCSD(T) and MP2 calculations adopting the large QZVPP basis set [10] got results of 4.32 and 5.41 kJ/mol, respectively. Our vdW-DF result 4.55 kJ/mol is in between. For the corner model, our result 8.68 kJ/mol is also pretty close to that from a previous MP2 calculation using a large basis set of aug-cc-pVQZ plus diffuse functions [7] . This comparison shows that the vdW-DF method can describe well the physisorption of H 2 molecule in MOF-5 and its accuracy is comparable to that of the MP2 and CCSD(T). A problem with the MP2 and CCSD(T) method is that their results are strongly dependent on the basis set used and become reliable only when very big basis sets (as mentioned above) are adopted. Additionally, they cannot deal with the periodic crystal structure. Table 1 : Calculated binding energy (vdW-DF, in kJ/mol) of a single H 2 molecule adsorbed on the corner site or linker site of the fragment models (corner+H 2 , linker+H 2 ) and in the crystal structure (P(c) +H 2 , P(l)+H 2 ). Results from some previous CCSD(T) and MP2 calculations are also listed for a comparison. Table 1 is that the binding energy with the corner site is much larger than with the linker site. This is because metal Zn ion in the corner part induces charge polarization which causes stronger electrostatic attractive force on the H 2 while on the linker site the adsorption is mainly coming from the weak vdW force. Indeed, our electrostatic potential analysis shows that ZnO 4 cluster is a strong polarizing center in MOF-5. The large difference in binding energy between the corner site and the linker site has been confirmed experimentally by inelastic neutron scattering spectroscopy [11] and neutron powder diffraction measurement [12] .
It appears in Table 1 that the results from the small fragment modes and from the crystal structure are quite different: The corner model (corner+H 2 ) gives a result being 0.71 kJ/mol lower than that of the crystal structure (P(c)+H 2 ) and the linker model (linker+H 2 ) gives a result being 0.95 kJ/mol smaller than (P(l)+H 2 ). This difference can be understood by considering the effect from the extended environment present in the crystal structure and the long-range nature of the electrostatic and vdW forces. The extended environment will also cause charge transfers between the corner part and the linker part, which will change the strength of the physisorption. This effect becomes significant when the H 2 molecule is adsorbed on the linker site: The result of linker+H 2 is smaller by about 20% than that of P(l)+H 2 . Although the small fragment models can still capture the main feature of the physisorption of H 2 on different adsorption sites (binding on the corner site is much stronger than that on the linker site), they are not quantitatively sufficient to represent the different parts of MOFs for investigating the hydrogen storage with MOFs. To get accurate H 2 binding energies for the different adsorption sites, calculations with the true periodic boundary conditions for the crystal structure are needed. 7.50 [7] 5.41 [10] --
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Adsorption of multiple H 2
In the working condition of hydrogen storage with MOFs, a large number of H 2 molecules will enter simultaneously the internal space and be adsorbed in primitive cells. Here, we investigate the effects of H 2 density on their binding energy by considering multiple H 2 molecules adsorbed in the primitive of MOF-5 crystal, either on the corner site (P(c)) or the linker site (P(l)). The average binding energy per H 2 molecule for difference H 2 densities and the corresponding lattice constant are listed in Table 2 . An interesting thing to note is that when the number of H 2 molecules adsorbed in the primitive cell increases (from 1 to 8 on corner site and from 1 to 12 on linker site), the lattice constant of the MOF-5 crystal actually decreases a little bit (by 0.02 Å). Meanwhile, the average binding energy also decreases by 0.34 kJ/mol for P(c) and 0.36 kJ/mol for P(l), respectively. This small decrease in lattice constant implies that there exists an attractive force induced by the adsorbed H 2 molecules, which increases with the increasing H 2 density. This behavior is totally different from the case of chemisorption where an increase in adsorbate density will usually lead to an expansion of the volume. For the highest H 2 density considered in our calculation, the smallest H 2 ...H 2 distance is around 4.1 Å which is quite close to that in the bulk H 2 solid (3.8 Å) [13] . For even higher H 2 density comparable to that in the solid state of hydrogen, a previous calculation by Yildirim et al. [12] showed that a unique three-dimensional interlinked H 2 nanocage will be formed, which will enhance further the interaction among the H 2 molecules. Since the attraction among the H 2 molecules is in the opposite direction to their binding to the MOF-5 crystal, it reduces the binding energy consequently.
Summary
We have investigated the physisorption of H 2 molecules in MOF-5 crystal by performing first-principles calculations adopting the vdW-DF method which can properly deal with the vdW interaction. The comparison with previous calculations using correlated wavefunction methods (MP2 and CCSD(T)) for small fragment models show that it has a comparable accuracy. The comparison with the true crystal calculation showed that the small fragment models underestimate the binding energy and therefore cannot represent well the hydrogen-storage property of the crystal. The binding energy on the corner site is found much larger than on the linker site because of the metal-ion-induced electrostatic force. The effect from multiple H 2 molecules adsorbed shows a small attractive force, which is different from the case of chemisorption. Overall, the good accuracy and the ability to deal with true crystal structures make the vdW-DF method a good candidate for investigating hydrogen storage in MOFs.
